We discuss the optical properties of one-dimensional ultrathin subwavelength, metallic gratings under transverse magnetic excitation, with particular attention to the phenomenon of quenched transmission, recently highlighted in several optical experiments. In particular, we consider a grating with thickness comparable to or less than the metal skin depth, showing how the geometrical properties of the grating can dramatically modify its transmission properties, often in a counterintuitive way. We study the role played by short-range and long-range surface plasmons (SPs) and localized SP resonances, showing that quenched transmission must be ascribed to localized resonance effects, while long-range and short-range SPs play only a marginal role in this anomalous effect.
I. INTRODUCTION
The optical properties of subwavelength one-dimensional (1D) and two-dimensional (2D) metallic gratings have been the subject of intense investigation since the beginning of last century, when Wood noted anomalies in the distribution of the diffracted orders from 1D metallic gratings under transverse magnetic (TM) light excitation. 1 In particular, the phenomenon of extraordinary optical transmission (EOT) in 1D and 2D subwavelength apertures and gratings has been widely analyzed in the last 15 years: detailed and complete reviews of the main progresses in the field may be found in Refs. 2 and 3. In EOT phenomena, more light passes through the subwavelength apertures of a periodically perforated, thick, opaque, metallic screen than one might expect based on simple geometrical considerations, 2, 3 implying that the transmission efficiency, i.e., the transmitted power flux normalized to the flux incident on the surface of the holes, may exceed unity. This resonant phenomenon can also be explained in the framework of the physics of guided mode resonances, [4] [5] [6] or of leaky modes supported by the grating. 7, 8 In this framework, it should be noted that, although EOT has received a great deal of attention in the last decade, some of its aspects have been widely used by microwave and optical engineers, in particular referring to the concept that metal gratings with subwavelength periodicity can act as anisotropic conductors, directive radiators, or very efficient light polarizers (the socalled wire-grid polarizers). [9] [10] [11] [12] In the above-mentioned works attention has been focused on thick optical gratings, with thickness larger than the metal skin depth, for which the metal is inherently opaque. For example, the complex refractive index of silver at λ = 600 nm is n = 0.124 + i3.732, 13 which results in a skin depth of approximately 25 nm. Recently, however, a new counterintuitive phenomenon has been put forward, analyzing the electromagnetic properties of subwavelength metallic gratings with thickness comparable to or less than the metal skin depth. In particular, it has been pointed out that in this regime a phenomenon somewhat complementary to EOT may take place. [14] [15] [16] While one might naively expect that such ultrathin gratings could be semitransparent to the incident radiation, it has been recently noticed that under TM excitation the transmission from the structure may be resonantly suppressed, with an anomalous increase in absorption, despite the ultrathin nature of the grating. Such quenched transmission and anomalous enhanced absorption has been studied for 1D, ultrathin, metallic gratings both from the theoretical 14 and experimental 15 points of view. In Ref. 16 , the suppressed transmission through a ultrathin metal film perforated with an array of subwavelength holes has been experimentally verified. In this context, it is also worthwhile mentioning the work in Ref. 17 , where transmission through an ultrathin metal film perforated with a 2D hole array was numerically studied. Due to the specific transverse magnetic polarization preference, it has been speculated that this phenomenon might be associated with the presence of surface plasmons traveling along the grating layer.
In this work, we analyze in more detail the counterintuitive phenomenon of quenched transmission and report our analysis of the optical properties of 1D, ultrathin, subwavelength metallic gratings under TM excitation. We focus on the role played by short-range and long-range surface plasmons (SPs) and localized plasmon resonances. Our analysis shows that the quenched transmission effect must be ascribed to localized surface plasmons, while planar SPs play only a marginal role. This holds true for both wide and narrow slits.
II. RESULTS AND DISCUSSION
The geometry under analysis is depicted in Fig. 1(a) . A plane, monochromatic, TM-polarized wave is incident on a self-standing grating made of silver and placed in vacuo (substrate effects will be discussed later in the paper). The dispersion of silver is taken from Ref. 13 and it is reported in Fig. 1(b) . Note that the oscillations in the real part of the permittivity in the long-wavelength region result from the overlap of data points obtained from different experimental groups. 13 The transmission (T), reflection (R), and absorption (A) are The incident field is a plane, monochromatic, TM-polarized wave where k 0 = 2π/λ is the wave vector, λ is the wavelength, and ϑ is the incident angle. In this case we consider air as the incident and the output medium. The Cartesian right-handed system (x,y,z) has the z coordinate in the propagation direction and the x coordinate along the periodicity of the grating. The y coordinate is the direction along which the magnetic field H is polarized. The input grating surface is located at z = 0 and the output surface at z = d. (b) Real (ε r ) and imaginary (ε i ) parts of the electric permittivity of silver from data reported in Ref. 13. calculated using the Fourier-modal-method technique. 6, [18] [19] [20] In particular, for TM polarization we have
where k 0 = 2 π/λ is the vacuum wave vector, n in and n out are respectively the refractive indices of the input and output medium (n in = n out = 1 in our case), ϑ is the incident angle of the incoming wave on the grating, t m and r m are respectively the complex transmission and reflection coefficients of the mth diffracted order, Re indicates the real part, and finally α m is the generalized transverse wave vector:
The number N of diffraction orders retained in our numerical calculations is specified by the sampling of the transverse profile of the electric permittivity function ε(x) according to the Nyquist-Shannon sampling theorem. 21 In particular, if dx is the sampling step, the number of retained diffraction orders is N = /(2dx). In our calculations a sampling step dx = 4 nm for a period = 320 nm, corresponding to N = 40, already ensures excellent convergence of the solution. T, R, and A in Eqs. (1a)-(1c) represent respectively the transmission, reflection, and absorption coefficients of the elementary cell of the grating, normalized to the total incident power on the elementary cell of the grating, and therefore they are always smaller than or equal to 1 for visible incidence angles, due to energy conservation. This is different from the commonly used transmission coefficients in EOT experiments, which normalize the power with respect to the impinging flux on the slit area. 3 Here we are interested in studying the electromagnetic properties of the grating in a regime where its thickness d is comparable to or less than the skin depth in the metal. As we have already mentioned in the Introduction, at 600 nm the skin depth of the silver is ∼25 nm; therefore we choose a grating thickness d = 10 nm. This value is currently within the limits of thermal evaporation or sputtering fabrication techniques 22 and, more importantly, it still allows a classical description of the wave interaction with the metal, for which quantum effects are negligible. 23 While the percolation threshold for Ag films is highly dependent on the fabrication details, we note that Maaroof and Sutherland 24 measure a percolation threshold of 4 nm for Ag films fabricated by dc magnetron sputtering and observe smooth continuous films at 9 nm thickness. In addition, Okamoto et al. 25 observe smooth continuous Ag films at a thickness of 6 nm for thermally evaporated films. Recently, slight modifications to the bulk properties of Ag have been reported for coupled Ag strips. 26 Nevertheless, the use of a more refined dispersion model does not significantly affect the following discussions and for this reason we will use in our calculations the bulk permittivity of Ag.
We start our analysis by describing in Fig. 2 the planar SP modes of a uniform, 10 nm Ag layer embedded in air. As is well known, [27] [28] [29] in a thin metal layer (say, less than 40 nm) embedded in a symmetric environment, the typical dispersion of the single interface SP splits into two branches which correspond to guided modes with opposite properties, commonly called long-range and short-range plasmons. These findings are confirmed by the dispersion properties reported in Fig. 2 .
In Figs. 2(a) and 2(b), the dispersion of the effective indices for the long-range and short range plasmons are shown, respectively, and in Fig. 2 (c) their respective propagation distances are shown. Note that the long-range SP has an effective index close to 1 and long propagation distances (∼10 5 μm), which is an indication that the electric field is mainly concentrated outside the metal layer, suffering therefore only moderate Ohmic losses. 27, 28 On the contrary, the short-range SP has a high effective index and most of the electric field is concentrated in the metal layer, causing strong Ohmic losses and short propagation distances (∼1 μm). Both short-range and long-range plasmons on a uniform plasmonic layer can couple with the incident light through the reciprocal lattice vector in the case of a grating. This photon-plasmon coupling is described by the following equation which, as in the standard grating coupler, represents the condition of transverse momentum conservation between the incident field and the guided mode mediated through the reciprocal lattice vector of the grating: 30, 31 3k 0,x = |±k LRSP/SRSP ∓ mG|, m = 0,1,2, . . . , (3a)
where k 0,x = k 0 sin ϑ is the transverse momentum of the incident field according to the geometry described in Fig. 1 , ϑ is the incident angle, k 0 = 2π/λ the incident wave vector, λ the incident wavelength, k LRSP/SRSP = k 0 n eff is the wave vector of the long-range (LR) or short-range (SR) SP, n eff is the corresponding real part of the effective index, G = 2π/ is the reciprocal lattice vector of the grating, and m is an integer that stands for the different diffracting orders of the grating. Equation (3a) can also be recast in an equivalent form that involves directly the incident angle ϑ, the grating period , the incident wavelength λ, and the effective index n eff :
Once the incident wavelength, the grating period, and the effective index of the guided mode are fixed, Eq. (3a), or equivalently Eq. (3b), determines the coupling angle ϑ. In order to investigate how this coupling affects the transmission properties of the grating, in Fig. 3(a) we report the transmission (T) in the plane (λ, ϑ) for a silver grating of thickness d = 10 nm, slit aperture a = 200 nm, width of the metal in the elementary cell, b = 120 nm, and period = a + b = 320 nm. Note that here we consider a grating with wide slits, in other words the air filling fraction of the grating is a/ ∼ 62%, i.e., air is the prevalent material of the grating. As outlined in the Introduction, we indeed observe a general resonant suppression of transmission at a wavelength of 600 nm. This transmission drop, which remains constant in frequency over a wide range of incident angles, is very counterintuitive, since the grating thickness is well below the silver skin depth and we have additionally opened wide vacuum gaps in the grating. In order to better highlight the resonant nature of the quenched transmission, in Fig. 3(b) we show the transmission of the grating at normal incidence (continuous line) and compare it with the transmission of a uniform layer of silver with the same thickness (dash-dotted line).
We investigate now the connection between the quenched transmission frequency and the photon-LRSP or photon-SRSP coupling. To this end, Fig. 3(a) shows the dispersion of photon-LRSP and photon-SRSP coupling, as described by Eqs. (3). The continuous line corresponds to the photon-LRSP coupling mediated through G, while the dotted and dashed lines correspond to the photon-SRSP coupling respectively mediated through +G and −G. There are two important features that appear immediately at a first inspection of Fig. 3(a) . At normal incidence the SRSP resonance overlaps the transmission minimum, giving the impression that SRSPs could be responsible for the low transmission. However, at higher angles photon-SRSP coupling seems to have no effect on the quenched transmission resonance frequency. This is not surprising after all: it can be explained by recalling that the propagation length of the SRSP is only ∼1 μm [see Fig. 2(c) ], which means that the SRSP can propagate for just a few elementary cells of the grating. Indeed, at the transmission minimum (λ = 595 nm) the propagation length (L D ) for the SRSP calculated in Fig. 2(c) is L D ∼ = 620 nm, which means a propagation distance approximately equal to one wavelength. Evidently this fact prevents any efficient photon-SRSP coupling, as such efficient coupling may take place only when the plasmon propagation length spans many wavelengths. In other words, the SRSP is too lossy in this case to claim any effective coupling with the grating. This is obviously not the case for the LRSP, which has a propagation distance of ∼10 5 μm [see Fig. 2(c) ], encompassing hundreds of thousands of elementary cells of the grating.
Another feature coming to our attention by observing Fig. 3(a) is that the photon-LRSP coupling The grating is the same as the one described in Fig. 3 and the single column is the same as the one described in Fig. 5(a) . also make clear that the wideband resonance centered at 600 nm, which is responsible for the quenched transmission, is actually not linked to the LRSP-photon coupling, the latter giving just extremely sharp, narrowband resonances (anomalies) that may be considered local perturbations to the overall shape of the wideband resonance of the quenched transmission. To confirm this finding, in Fig. 4 we compare the main near-field properties of the wideband resonance with those of the narrowband resonance. Figure 4 (a) shows the wideband resonance responsible for quenched transmission and Fig. 4(b) the corresponding electric field localizations at the transmission minimum. Figure 4(c) shows the peculiar properties of the narrowband resonance due to the photon-LRSP coupling and Fig. 4(d) the electric field localizations at the transmission minimum. The different nature of the two resonances is evident if we look at their respective field localizations, but also if we look at the different nature of the associated resonances in reflection. The wideband resonance has a typical quasi-Lorentzian shape in reflection [see Fig. 4(a) ], while the narrowband resonance has a typical Fano shape 32, 33 [see Fig. 4(c) ]. Regarding the electric field localization properties of this grating, it is evident in Fig. 4(b) that the electric field localization for the wideband quenched transmission resembles that of an electric dipole along the x axis, while the electric field localization for the narrowband quenched transmission shown in Fig. 4(d) is typical of a LRSP coupled with the grating. Note in particular in Fig. 4(d) how the z component of the electric field is dominant with respect to the x component, and that it is localized mainly in air; this is another peculiar characteristic of a LRSP mode guided along the x direction.
It is now left to address the last and most important question regarding the nature of the wideband resonant suppression of transmission in ultrathin gratings. Up to now, we have ruled out SRSPs because of their extremely short propagation length and LRSPs because we have demonstrated that they actually give rise to extremely sharp resonances, more similar to Wood's anomalies. To the end of further understanding the nature of this quenched transmission, in Fig. 5 we report the absorption (A) of our grating as calculated from Eqs. (1) . and compare it with the absorption of a single silver column of rectangular section whose dimensions b and d are the same as in the grating, and also with a grating with very large period. Note that in our 1D geometry (see Fig. 1 Fig. 1(a) .
effectively consists of an array of 2D rectangular columns with dimensions b and d and regular period a. We compare in Fig. 5 the absorption for a single building block of such an array with the absorption for the entire grating. The absorption by the single column has been normalized to the power per unit length incident on an elementary cell of the grating, for fair comparison. More explicitly, the absorption of the single column has been calculated as
where n in is the refractive index of the incident medium (air in our case), ε I is the imaginary part of the electric permittivity of silver as reported in Fig. 1(b) , ω = 2πν is the pulsation and ν the frequency of operation, E x and E z are the two components of the local electric field, and S = bd is the area of the cylinder base. The calculation of the electric fields inside the column has been performed using an analytical procedure that makes use of the Green function for 2D scattering objects as outlined in Refs. 34 and 35. Figure 5 is very instructive and highlights several relevant features that capture the nature of the quenched transmission phenomenon: the absorption of the grating and the absorption of the single column are qualitatively and quantitatively consistent. In particular, the absorption resonance around 600 nm, directly related to quenched transmission, is well captured by the absorption of the single column. It is well known 30, 31, 36 that subwavelength metallic objects may support localized surface plasmon resonances at optical frequencies, which drastically increase the absorption cross section of these objects. 37 Unlike planar SPs, which propagate at an air-metal planar interface, localized surface plasmons are nonpropagating resonant oscillations, which lead to field amplification and enhanced scattering and absorption. It is evident from Fig. 5 that the nature of the quenched transmission is strongly related to the excitation of localized surface plasmon resonances at each element of the array, rather than to the photon-LRSP coupling of the entire grating. In fact, the effect of the photon-LRSP coupling is clearly visible [see Figs. 5(b) and 5(c)] in the absorption curves of the grating, due to the presence of spikes characterized by extremely narrow bandwidths, as we have already discussed [see also Fig. 4(c) ]. Evidently these spikes have little or nothing to do with the wideband regions of quenched transmission. Moreover, as one may expect, the agreement between the absorption by the single array element and the absorption by the grating gets closer and closer as the mutual distance among columns (i.e., the slit aperture a) becomes larger and larger. This is obviously due to the reduced coupling between the localized plasmons of the columns as their mutual distance increases. The above trend can be clearly ascertained by looking at Fig. 5(a) , where the slit aperture is a = 200 nm (continuous line) and 12 μm (dotted line), compared to Fig. 5(d) , for which the slit aperture is a = 600 nm. In Fig. 5(a) the absorption resonance of the grating with a = 12 μm practically coincides with the absorption resonance of the single column, as expected. For fair comparison, the absorption of the grating with a = 12 μm has also been normalized to the power per unit length incident on the = 320 nm period grating. In Fig. 5(d) the vertical arrow indicates a small cusp in the absorption of the grating located at λ = = 720 nm which is the Rayleigh condition 2,3 when the first diffraction order becomes tangent to the grating. We find also that the Rayleigh condition perturbs just slightly the position of the absorption maximum of the grating, making it just weakly deflect from the spectral position of the maximum absorption of the single column. At this point it should be evident that the wideband quenched transmission region can be mainly ascribed to the effect of localized plasmons supported by the single column. Nevertheless, we will give an additional consideration in order to dispel any residual doubt. In Fig. 6 we show the x component of the electric field calculated along the x axis at the center of the grating and compare it with the same field calculated for the case of a single column, as in Fig. 5(a) . The incoming plane wave is at normal incidence and its wavelength is 595 nm, which corresponds to the transmission minimum [see Fig. 4(a) ]. The figure clearly shows that the field localization inside the single column closely resembles both qualitatively and quantitatively the field localization along the grating, with the small difference associated with weak coupling among the localized plasmon resonances in the array scenario.
In Fig. 7 we investigate in more detail how the quenched transmission depends on the slit aperture a of the grating. In particular, we analyze what happens when we pass from an ultrathin grating with wide slits to an ultrathin grating with very narrow slits. We analyze the grating with d = 10 nm, b = 120 nm, and a slit aperture that gradually varies from a = 16 to 200 nm. From the point of view of the building blocks of the array, varying the slit aperture from 16 to 200 nm corresponds to gradually moving apart the 10 × 10 nm 2 columns from a side to side distance of a = 16 to 200 nm. In terms of air filling factors, the two extreme cases (a = 16 and 200 nm) correspond respectively to 5% and 62% air filling factors.
Inspecting Fig. 7 , one can easily ascertain that the frequency of quenched transmission is mostly determined by the collective localized surface plasmon resonance of an array of plasmonic columns, whose spectral position is indicated by the dashed horizontal line in Fig. 7(a) . For wide slits (a > 100 nm) the localized plasmons of the columns are weakly coupled to each other, while for narrow slits (a < 100 nm) they become strongly coupled, producing a broadening of the resonance bandwidth and a typical redshift. In Fig. 7(a) are also reported the corresponding dispersions of the SRSP coupled with G (thin solid line) and 2G (dotted line). It is evident that the line of quenched transmission redshifts as the columns get closer and closer, while on the contrary the SRSP dispersions manifest a typical blueshift. This fact is a further proof, if necessary, that SRSPs are not involved in the quenched transmission phenomenon described in this paper. Indeed, for weaker coupling (wider slits) the spectral position of the localized plasmon resonance of the single column describes quite well the frequency and amplitude of the quenched transmission effect. As the coupling among columns increases (thinner slits), the localized plasmons become more strongly coupled to each other, resulting in a redshift of the zone of quenched transmission accompanied by an increase in reflection, and corresponding decrease in absorption. The two regimes are epitomized in Fig. 8 , where we show the two extreme cases with a = 200 and 16 nm for the same geometry of the single column, corresponding respectively to weak and strong coupling of localized plasmon resonances. Figure 8 in particular highlights how in the weak-coupling regime (wide slits) the resonance of the suppressed transmission is centered at 595 nm, while in the strong-coupling regime (narrow slits) the resonance enlarges and redshifts with the minimum located at 750 nm. This resonance shift is simply due to the coupling among the closely spaced resonators, and it is a typical phenomenon in strongly coupled resonant systems, and plasmonic arrays in particular. 38 The increase in reflection and decrease in absorption that take place in the highly coupled regime represent a typical screening and quenching effect due to the large array coupling, which produces an overall reduction of field enhancements in each element of the array when the coupling gets larger. 39 It is evident from these results that the effect of quenched transmission can be directly associated with the collective resonance of the localized plasmons supported by each element of the grating. In our analysis, for the sake of simplicity, we have studied the case of a free-standing grating, i.e., air/grating/air. In the optical regime, from an experimental point of view the metal strips will be likely deposited on a glass substrate, which may slightly modify these results. 15 We do not predict large modifications in these discussions due to the presence of a substrate, as discussed in the following. We specifically confirm this prediction in Fig. 9 , where we study the guided modes supported by a structure air/Ag(10 nm)/n s where n s is the refractive index of the substrate, which here for simplicity is considered nondispersive. In particular, we compare three cases: n s = 1, 1.52, and 2. In agreement with previous studies, 28 we find that the LRSP of the symmetric structure air/Ag(10 nm)/air becomes a leaky wave for the asymmetric structure air/Ag(10 nm)/n s , with leakage taking place in the substrate. This causes a dramatic decrease of the leaky wave propagation length, which becomes comparable with the propagation length of the SRSP of the symmetric structure air/Ag(10 nm)/air. In contrast, the SRSP of the symmetric structure remains somewhat less affected by the introduction of the substrate; it still remains a bounded mode with a short propagation distance, comparable to that of the SRSP of the symmetric structure. The final conclusion is that the introduction of the substrate essentially prevents any efficient coupling of planar SPs with the grating.
It is now left to investigate how the introduction of a substrate affects the wideband zone of quenched transmission. This issue is explored in Fig. 10 , where we see that the zone of quenched transmission redshifts when the refractive index of the substrate is increased; this holds true both at normal [see Fig. 10 (a)] and at oblique incidence [see Fig. 10(b) ]. Moreover, we note from Fig. 10(b) that the narrowband quenched transmission due to the coupling of the LRSP with the grating actually disappears when we introduce the substrate. This feature can be easily explained by the fact that, as shown above, the LRSP becomes a leaky mode, worsening the coupling efficiency with the grating.
In Figs. 11(a) and 11(b) we compare the absorption of the single column at normal incidence with the absorption of the entire grating in the presence of the substrate, analogously to Fig. 5 . The redshift of the absorption resonance as the refractive index of the substrate increases continues to hold true both for the grating and for the single column in similar proportion. The redshift in the localized SP resonance due to the presence of a substrate was predicted and experimentally confirmed in Ref. 40 . The redshift of the transmission minimum due to a substrate as shown in Fig. 11 is another strong indication of the dominant role played by the localized surface plasmons in the quenched transmission.
III. CONCLUSIONS
In conclusion, we have analyzed here the phenomenon of quenched transmission in ultrathin, subwavelength, plasmonic • incidence. The arrow indicates the narrowband region of quenched transmission that is due to the coupling of the LRSP with the grating in the symmetric structure air/grating/air. The introduction of the substrate washes out this narrow resonance because the LRSP becomes a leaky wave, and its efficient coupling with the grating is no longer possible.
gratings. In particular, we have shown that this anomalous effect is mainly due to the excitation of localized surface plasmon resonances supported by the building blocks of the grating (metallic columns in the geometry analyzed here). The localized plasmons may be either strongly or weakly coupled, depending on the slit aperture in the grating, but their collective resonant behavior mainly determines the quenched transmission and enhanced absorption. We have clearly demonstrated that SRSPs play a negligible role in this effect, due to their extremely short propagation distance, while LRSPs may contribute to additional extremely sharp resonances similar to Wood's anomalies, 1 without, however, directly producing the quenching effect. Moreover, the introduction of a substrate washes out even these sharp resonances because the LRSP becomes a leaky wave, 28 preventing any efficient coupling with the grating. We believe that the quenched transmission phenomenon may have several interesting applications, e.g., for compact light-polarizer devices. It could also be very intriguing to study such gratings when loaded with nonlinear, Kerr-like, material inclusions, in order to realize efficient, ultracompact, all-optical switching devices. We believe that the present study may provide a better understanding of the quenched transmission phenomenon, leading to its possible use in practical applications.
